Abstract-The collection, processing, validation, verification, formatting, filing, and storage of the required input data are some of the most important components in the National Institute for Occupational Safety and Health (NIOSH) Radiation Dose Reconstruction Program. Without question, the quality and scientific validity of the reconstructed dose estimates are totally dependent on these aspects of the program. Of equal importance is that the data be filed not only in a readily accessible format, but also in one that facilitates error-free retrievability. One often unrecognized key factor is that each and every item of data must be collected with careful consideration of the use to which it is to be applied. 
INTRODUCTION
THE NATIONAL Institute for Occupational Safety and Health (NIOSH) program for reconstructing the doses to people who have worked, or are working, at U.S. Department of Energy (DOE) and Atomic Weapons Employer (AWE) facilities and developed cancer involves the collection, processing, validation, and verification of data relating to tens of thousands of workers who have undergone this experience for which claims for compensation have been filed. Collecting these data is made more difficult because these people were exposed during work at one or more of hundreds of facilities, their exposures may have been internal and/or external, and the data sources may include those based on air monitors, personal dosimeters, urine bioassays, whole-body count analyses, and x-ray examinations. Furthermore, the information may be in one or more of a variety of formats (i.e., databases, documents, books, pictures, microfilm, microfiche cards, or spreadsheets). Since many records are 50 to 60 y old, they may be in very poor physical condition.
Other factors cause additional complications. One is the large number of DOE and AWE facilities, the majority of which are no longer in operation. The primary facilities are listed in the Appendix; in some cases, a single site had multiple facilities. Because some facilities have been closed, the location of their dosimetry records may not be known. Although such records may have been transferred to a Federal repository (Fig. 1) , the nature of the data may not have been adequately described to facilitate their retrieval. These challenges are further compounded by facility limitations on available space, security restrictions, and delays for required classification review. In addition, there is the difficulty of developing and applying guidelines to decide which data are acceptable and which are not.
Once collected, the data must be categorized according to facility, work area, time period, and individual worker, including the job position in which the worker was employed. Finally, the data must be stored in such a way that they can be readily accessible.
To accomplish these goals, the following sequence of activities was developed and implemented: (1) data collection, (2) data processing, and (3) data validation and verification. Each of these is discussed in the sections that follow.
DATA COLLECTION
Two methods are used for collecting data depending on the availability, type, and intended use of the information. The first method relates to the situation in which dose-related information was maintained for each worker on an individual basis. Under these conditions, the required information is obtained through a request submitted to the designated point of contact at the appropriate facilities. When reviews of the provided data indicate the need for additional information, it is requested from the facility point of contact.** The most common need in the case of internal exposures is for individual bioassay results, including data for direct (in-vivo) bioassays (e.g., lung counts, whole body counts) and for indirect (in-vitro) bioassays (e.g., urinalysis, fecal analysis, and breath analysis). These bioassay records are extremely helpful, even if the quantity of the radionuclide in the body or in the bioassay sample at the time of measurement was below the limit of detection. Such situations are then reassessed based on the estimates of what is called "missed dose" (Merwin et al. 2008a) . The most common supplemental request in the case of external exposures is for data by monitoring interval rather than the generally provided annual summaries.
When sufficient records to perform dose reconstructions for individual workers are not available, a second method involving the use of surrogate sources must be applied. One approach is to use the records of a coworker; another is to seek to establish the "radiation environment" in which the worker was employed. The latter approach involves conducting a detailed review and collection † † of the data generated through, for example, area surveys, fixed position external monitors, air sampling systems and evaluations, and radiological incidents. The accompanying dose rate estimates are then summarized in what is called a site profile (Kenoyer et al. 2008) . To help ensure that each site profile is based on accurate scientific information, care is exercised to document that the leaders of these efforts have appropriate knowledge and experience in the derivation and interpretation of the required input information and are able to be objective and bias free in their analyses.
As is shown in the Appendix and Fig. 1 , the data needed for dose reconstruction may be located at one or more DOE or AWE facilities, National Archives, and Federal records centers. The data may also be available through online DOE databases [i.e., Energy Citations Database (2007) , Information Bridge (2007) , and OpenNet (2006) ].
DATA PROCESSING

Establishing databases
Once the worker-related employment and dosimetry data have been collected, inventoried, and organized by type, they are then scanned, cataloged, validated, verified, and made available in a format that is compatible and readily accessible for dose reconstruction.
‡ ‡ To accomplish this task, the records are scanned in portable document format (PDF) files and uploaded into the NIOSH Office of Compensation Analysis and Support Claims Tracking System (NOCTS), a database for information pertaining to individual workers. Users can query the system and retrieve a list of claims that match their search criteria (e.g., NIOSH identification number, DOE or AWE facility). Individual claimant information (e.g., claim status, claim documents, telephone interview report, and contact log) may be viewed from multiple tabs within a file. To date, approximately 1,085,000 documents have been uploaded to NOCTS ( Database (SRDB).
§ § Finally, the data are also entered into spreadsheets that facilitate the dose reconstructors in using relevant data as inputs into the process of estimating both external and internal doses on an individual worker basis (Merwin et al. 2008b; Brackett et al. 2008; Maher et al. 2008) . After the dose reconstruction is completed and approved by NIOSH, a complete copy of the worker's record is submitted electronically to the U.S. Department of Labor (DOL), the agency responsible for rendering a decision as to whether a case is compensable. To date, approximately 33,000 documents have been uploaded to the SRDB (Table 2 ).
Security and protection of records
All records must be properly maintained and protected in accordance with Federal regulations.*** These include the Privacy Act (U.S. Congress 1974); Title 36 CFR Part 1222, which covers the "Creation and Maintenance of Federal Records;" and CFR Part 1228, which applies to the "Disposition of Federal Records" and was promulgated by the U.S. National Archives and Records Administration (U.S. NARA 2006a and 2006b). Once it is determined that records are no longer needed on a routine basis, they are stored using appropriate security controls based on the sensitivity of the data. For database and information protection, all computer files are operated under redundant systems.
Managing working files
All files (e.g., email, spreadsheets, databases, controlled documents, research documents, worker records, and management reports) that are being used by project personnel are maintained on a shared computer server until they can be transferred to NIOSH for storage.
† † † The NOCTS and SRDB databases, as well as other files, can be accessed 24/7 by registered users through a virtual private network, and secure file transfer protocol, from their office, home, or while on travel.
DATA VALIDATION AND VERIFICATION
While it was not emphasized in the preceding sections, one of the primary factors that governs the collection and processing of data is the use to which they will be applied. Closely intertwined is the need for the quality of the data to be validated and verified. The discussion that follows illustrates the interrelations of these factors.
Reconstruction of internal doses
Since the 1930's, the use of bioassay procedures has been the primary method for assessing internal radionuclide deposition. As might be expected, the application of such procedures can be hampered by potential errors in the collection of the samples, the sensitivity and accuracy of the available analytical techniques, the sensitivity of the instruments required for performing the associated radioactivity assessments, and the available information on the manner in which the human body metabolizes different radionuclides. The importance of these factors was recognized in the late 1950's by the International Commission on Radiological Protection (ICRP 1959) . Shortly thereafter, the Federal Radiation Council (FRC 1961) similarly cited the need for studies of the "metabolic factors" that affect "the uptake" of radionuclides. In fact, these and other inadequacies, as well as the need for new and better approaches for assessing the quantity of specific radionuclides in the body, continue to be a problem.
Over the years, significant progress has been made, such as the development of the gamma spectrometer. gamma-emitting radionuclides without losing or changing the "sample." Another major advance was the issuance by the ICRP Publication 23 that specified the characteristics of Reference Man (ICRP 1975) . This standard, which subsequently has been used on a worldwide basis, provided a unified basis for converting bioassay data into the associated dose rates to an individual organ or the whole body. Another such contributor was Standard N-13.35, prepared under the auspices of the American National Standards Institute (ANSI 1999) . This document provided a standard set of phantoms for in-vivo applications. Both of these standards have contributed immensely to improvements in the validity and accuracy of the data being generated in this field. With the subsequent development of very high-resolution solid-state detectors, multi-channel analyzers, and supporting computer systems, the speed and accuracy with which these assessments could be performed took another giant step forward. Through the publication of Report No. 87, the National Council on Radiation Protection and Measurements (NCRP 1987) provided guidance for developing the procedures necessary to ensure the quality of the resulting dose estimates.
To ensure the quality of the data being generated, the DOE national laboratories implemented all of the above recommendations. In a similar manner, urine samples containing known and unknown concentrations of specific radionuclides were circulated to all DOE facilities to crosscheck the results of analyses for individual radionuclides. Another practice that has been underway for half a century is to exchange samples on a regular basis among the various analytical laboratories and to have each laboratory analyze its bioassay samples in accordance with ANSI N-13.30 (1996) . Such samples are exchanged not only among the DOE laboratories in the United States but also with those in foreign countries.
For purposes of reconstructing doses under the NIOSH Radiation Dose Reconstruction Program, when there is doubt in the dose estimates, the more conservative (high) estimate is used. This is in accord with the requirement that all decisions made with respect to questions related to dose reconstructions be made in a manner to be "claimant favorable" (Merwin et al. 2008a ).
Reconstruction of external doses
Included among the sets of data for earlier years are the records of external exposure assessments performed using pocket dosimeters and film badges. All of these data have accompanying uncertainties. Later, such measurements were made primarily through the use of thermoluminescent dosimeters (TLDs). Although this reduced many uncertainties, they were not eliminated (Merwin et al. 2008b) . Another source of external exposures was the use of x rays in diagnostic medical examinations required in the course of employment by DOE and AWE facilities. The history of the methods used in such examinations are used as an example of procedures for validating and verifying the doses resulting from such examinations, the most common of which were diagnostic x-ray examinations of the chest. Unfortunately, however, few measurements were made of the accompanying doses, primarily due to the lack of integrating dose meters that could quantify the dose from medical x-ray equipment. These units continue today to serve as the standard for measuring doses from such equipment.
A major factor in quantifying doses received during chest examinations (the most common procedure being applied during the early 1940's) was whether they were performed using photofluorographic (PFG) or radiographic units (Shockley et al. 2008) . This is because the estimated dose to the lungs from PFG units was one hundred times that from radiographic units (Moeller et al. 1953) . Recognizing that this represented an unnecessary source of exposure, the use of PFG units, which began in the 1940's in conjunction with nationwide surveys for tuberculosis, had essentially been discontinued by 1970 (Shockley et al. 2008) .
The above comments are not meant to imply that other efforts were not being made throughout this time to reduce the dose rates from medical x-ray equipment. For example, the U.S. Public Health Service (USPHS) initiated in 1952 a program of inspections of diagnostic x-ray units in all its hospitals. This led to the development of a manual (Ingraham et al. 1953 ) for conducting such inspections that was subsequently used by public health agencies throughout the United States. While the accompanying observations did not have a direct bearing on the NIOSH Radiation Dose Reconstruction Program, they confirmed that progress was being made in reducing the doses from such examinations. They also confirmed that the field was not static. As a result, there were major temporal differences in the doses being received by atomic energy workers in the United States. Later studies conducted by the Center for Devices and Radiological Health, Federal Food and Drug Administration, provided details on the progress being made in reducing medical x-ray doses. Fig. 2 provides an illustrative example of such progress.
Similar dose reduction progress was being made in terms of the size of the primary beam compared to that of the x-ray film. Ultimately, the capability to project light beams to simulate the x-ray beam enabled the x-ray unit operator to confirm the size of the x-ray beam and where it was directed. Supported by knowledge of when these advances were made, the dose reconstructors were able to estimate the doses from diagnostic x-ray procedures on a temporal basis, with confidence that the results were based on sound scientific information. Even so, to compensate for uncertainties, all estimates of doses from chest x rays assessed under the NIOSH Radiation Dose Reconstruction Program were increased by 30% to ensure that the dose was not underestimated (Shockley et al. 2008) .
Implementation of basic science into the radiation dose reconstruction program
To ensure that all data and information collected, processed, and stored as described in the previous sections are both accurate and complete, a number of quality assurance (QA) and quality control (QC) checks are performed. In fact, every aspect of the dose reconstruction process-from the collection and recording of the data to the preparation of the accompanying reports-is conducted in accordance with the requirements of the program's quality management system. ‡ ‡ ‡ This system was established to ensure that employees are qualified, through experience, education, and training, to perform their work accurately and efficiently, and to ensure that efforts are continually being made to improve the system. In essence, the quality management system is designed to ensure that the dose estimates are free of both technical and nontechnical errors.
All data used for a dose reconstruction report, site profile, or Special Exposure Cohort (SEC) petition evaluation report are cross-checked for consistency. Conversely, these procedures can help identify data gaps or omissions that may prompt efforts to acquire additional data. Examples of the checks and balances that are employed to accomplish these goals are described below:
• Dose reconstruction reports, developed using data in NOCTS, are subjected to a three-stage QC review: nontechnical, technical, and a final comprehensive review. § § § After submittal to NIOSH, dose reconstruction reports are further reviewed and approved by NIOSH technical personnel. All equations and associated analytical processes are reviewed by an independent qualified expert in terms of accuracy and appropriateness (Maher et al. 2008 );
• Site profiles, developed using data in the SRDB and NOCTS, are reviewed by several people not involved in their development, prior to issuance (Kenoyer et al. 2008) ; and • SEC petition evaluation reports, developed using data in the SRDB, NOCTS, site profiles, and other sources, are also reviewed by individuals not involved in their initial development prior to being sent to NIOSH. The reports undergo an additional review by NIOSH before being forwarded to the Advisory Board on Radiation and Worker Health (Ziemer 2008) .
COMMENTARY AND CONCLUSION
The theme of this paper may, at times, appear to be the difficulties in identifying the sources of the data to be collected. The real message, however, is care that must be exercised in collecting, processing, validating, and verifying data. This ensures the data are based on good science and representative of the doses that each individual worker received. This encompasses the need to document that the data are complete so as to avoid the necessity of resorting to the use of surrogate sources of information for estimating dose. This mandates that personnel are thoroughly experienced in understanding the methods through which the data were generated, the associated complexities, and the primary factors that contribute to their uncertainties and potential misinterpretations. Without such care, subsequent errors and the need to repeat the dose reconstruction calculations could lead to a significant waste of time and the associated creation of a lack of confidence in the program. ‡ The success of this program is also dependent on the recognition that the ultimate goal is to provide data that are not only accurate but also exactly what is needed and available in a format that can readily be retrieved. This makes it essential that all personnel develop an attitude of continuing to seek improvement, and the ability to recognize the importance of being alert to identify problems and taking action to solve them as rapidly as possible. In many ways, ensuring that the data are complete and not without significant voids is similar to assembling a crossword puzzle. Unless sufficient data are provided to enable a complete dose reconstruction to be prepared, no one can have confidence in the outcome. Finally, it might be noted that the activities described in this paper could never have been accomplished prior to the advent of computers and the accompanying programs that have been developed for analyzing, processing, and storing data. For example, as of July 2007, the NOCTS and SRDB databases contain 650 and 90 gigabytes of PDF images, respectively. (Table A1) . 
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